We demonstrate a universal method to obtain record-high electronic Seebeck coefficients while preserving reasonable conductivities in doped blends of organic semiconductors through rational design of the density of states (DOS). A polymer semiconductor with a shallow HOMO level (P3HT) was mixed with materials with a deeper HOMO (PTB7, TQ1) to form binary blends of the type P3HTx:B1-x (0 ≤ x ≤ 1) that were p-type doped by F4TCNQ.
Introduction
Thermoelectric generators (TEG) can turn temperature differences directly to electricity.
Depending on the desired scale of power, there are two different application directions: type I is the large power case, which needs a high figure of merit = 2 ⁄ (σ: electrical conductivity, S: Seebeck coefficient, κ: thermal conductivity and T: temperature), to harvest (waste) heat at maximum efficiency. Type II is the low power case in which voltage is more important than power, e.g. to supply an autonomous sensor or a reflective LCD display with electricity. Here, power in the 0.01-1 mW range is sufficient and this type of TEG does not need high ZT, but is sensitive to cost and availability. Low cost implies flexible and easy fabrication, which is not compatible with a large number of legs in the TEG. Hence, a large output voltage ∆ = ∆ , with ∆ the temperature difference over the TEG, per leg is needed. In other words, this type of TEG requires a high Seebeck coefficient and a reasonable conductivity. This work focuses on type II TEGs.
Conjugated polymers (CPs) are increasingly explored for thermoelectric applications. [1] [2] [3] Compared to inorganic materials, CPs (potentially) offer numerous advantages, such as low cost, large-area deposition, elasticity and flexibility, material abundance and non-toxicity, and an inherently low thermal conductivity. Roughly spoken, CPs for thermoelectric applications can be classified according to the possible relevance for either of these types of TEG: in one limit sit highly (typically oxidatively) doped materials as PEDOT:PSS and its derivatives.
These have high conductivity but low Seebeck coefficient, typically well below 100 µV/K. [5] These materials could become relevant to Type I applications. In the other limit sit (nearly) intrinsic CPs like P3HT, PBTTT, which have low conductivity but high S, typically around several hundred µV/K. The Seebeck coefficient of those un-doped CPs is hard to measure directly due to their low conductivity, but it is possible to take a hint from measurement based on OFET devices. For instance, Venkateshvaran et al. indicated that the Seebeck coefficient of PBTTT and IDTBT ranges from 700 to 400 µV/K upon varying the charge density from 10 18 to 10 20 cm -3 in OFET devices. [6] Zhang et al. achieved S = 480 to 100 µV/K for σ in the range from 10 -2 to 10 S/m for P3HT and PBTTT. [7] This limit is suitable for neither Type I nor II TEG due to its low conductivity. Evidently, the conductivity of intrinsic CP can be increased by chemical doping.
E.g. using FeCl3 or NOPF6 as dopants, the conductivity of P3HT can be improved up to 700-2100 S/m, while sacrificing S that drops to 74-30 µV/K. [8, 9] Alternatively, Zhao et al. have investigated the ionic polymer electrolyte PEO-NaOH that has a very high (ionic) Seebeck coefficient around 7000-10000 µV/K. [10, 11] However, this kind of ionic polymer electrolytes do not have DC conductivity, so as to limit their applicability in TEG.
A fundamentally different method to achieve optimized thermoelectric materials was suggested in the seminal work by Mahan and Sofo. [12] They argued that a delta-shaped transport distribution, sitting somewhere above the Fermi level, maximizes the thermoelectric properties. Based on this idea, Sun et al. mixed P3HT with different P3HTT fractions, and, using F4TCNQ as a p-type dopant, found S increasing from ∼580 µV/K for the pristine P3HT
to 700 µV/K for P3HT mixed with 2% P3HTT, while maintaining a conductivity around 1.5×10 -2 S/m. [13] Here, we revisit the concept proposed by Mahan and Sofo to engineer the charge carrier DOS to maximize thermoelectric performance. In particular, we use the unique possibility offered by molecular semiconductors to make new materials through simple mixing in solution prior to film deposition. We selected conjugated polymers with different HOMO energy levels, P3HT, PTB7 and TQ1, and mixed P3HT with varying fractions of PTB7 and TQ1, respectively. We used (p-type) surface doping by F4TCNQ to enhance conductivity without distorting the film morphology. [14] At optimal mixing ratio, the Seebeck coefficient largely exceeds that of either of the pure materials (1100 µV/K at P3HT0. 
Concept
Charge and energy transport in energetically disordered organic semiconductors as studied here is generally understood to occur through thermally activated tunneling, i.e. hopping. [15] According to percolation theory, the conductivity of such a system is determined by a characteristic hop. Beyond the Boltzmann limit, i.e. at charge concentrations that are relevant to thermoelectric applications, this characteristic hop takes place between the Fermi energy EF and a so-called transport energy Etr. [16, 17] At a given temperature T the Seebeck coefficient S is then simply given by = ( − )⁄ . Note that depending on the shape of the DOS and the details of the hopping formalism both EF and Etr may depend on T. [17, 18] Moreover, in this discussion we shall for simplicity assume that the characteristic hop for charge transport is also a relevant measure for the energy transport. In the discussion of our simulation model we shall come back to this.
For pure semiconductor materials, EF is determined by the charge concentration that, in turn, is determined by the dopant concentration [19, 20] , see left-and rightmost panels of Figure 1 . In case of a Gaussian DOS, Etr is located slightly above the maximum of the DOS. Note that Summarizing, since the Seebeck coefficient is proportional to the gap between EF and Etr, we can engineer S by carefully tuning the mixture of two CPs with different HOMO levels. The maximum attainable value for S can be expected to increase with increasing HOMO energy difference, while the composition at which this maximum occurs can be expected to shift to smaller A-fractions as the increasing energetic penalty for hopping to material B will promote hops within material A: for increasing energy difference, charges will 'try' to stay longer in the material with the shallow HOMO level. Note that within the framework of this concept, there is no difference between a single material with a doubly peaked DOS and a mixture of distinct materials, each with a singly peaked DOS, irrespective of e.g. the degree of overlap between the two DOS peaks.
Results and discussion
To accentuate the generality of the concept introduced above, we selected three wellcharacterized CPs with different HOMO energies, P3HT, PTB7 and TQ1, and doped these with the commonly used p-type dopant F4TCNQ. We used the method proposed by Scholes et al., in which doping is performed by spin coating a dopant-containing solution over an already deposited semiconductor film, preserving the morphology of the latter. [14] Full compound names are given in the experimental section along with further experimental details.
Energy levels
The ionization potential (IP) and Fermi energy of our CPs were investigated by ultraviolet photoemission spectroscopy (UPS). The UPS spectra are shown in Figure 2 , the extracted IP
and EF values are tabulated in Table 1 . From the differences in IP, the energy gap ΔEHOMO between P3HT and PTB7 and between P3HT and TQ1 is around 0.3 eV and 0.5 eV,
respectively. Hence, we use P3HT as the shallower-HOMO material A and PTB7 and TQ1 as the deeper-HOMO materials B, c.f. Focusing on the pure compounds in Figure 3a first, the HOMO level of P3HT is situated closer to the vacuum level than the F4TCNQ LUMO, which leads to an efficient electron transfer from the HOMO of P3HT to the LUMO of F4TCNQ. [21] In combination with the used doping procedure, this leads to a high hole density while preserving the morphology of the P3HT, giving a conductivity of pure P3HT of over 400 S/m, which is very comparable with that found in Ref. [14] . The corresponding thermopower is a mere S = 142 µV/K, giving a power factor around 8 µW/K 2 ·m. PTB7 gives σ = 0.56 S/m and S = 469 µV/K when surface doped by the same procedure as used for P3HT. Since PTB7 has a deeper laying HOMO than P3HT, the lower conductivity and higher thermopower are likely to be due to less efficient electron transfer [19, 20] , possibly in combination with a minor effect of a larger energetic disorder in PTB7. Interestingly, when P3HT is blended with different fractions of PTB7, the thermopower reaches a peak value of over 1100 µV/K for 90% PTB7, while the conductivity dropped to a minimum at 0.3 S/m. We attribute this to the mechanism outlined in Figure 1, i.e. the large PTB7 fraction enforces Etr to lay on the PTB7 part of the total DOS, whereas EF is still located on the P3HT part. The maximum in − translates directly into a maximum in S, and, since the characteristic hop requires thermal activation over the same energy difference, in a minimum in the conductivity.
TQ1 has a deeper laying HOMO than both PTB7 and P3HT, leading, for the same doping procedure with F4TCNQ, to a low conductivity of 0.03 S/m and a surprisingly high thermopower around 1560 µV/K, again attributed to difficulty of electron transfer between TQ1and F4TCNQ and possibly a higher disorder in the amorphous TQ1 than in the semicrystalline P3HT [20] . On basis of the mechanism outlined in Figure 1 , it is to be expected that any peak in binary blends of P3HT with TQ1 should (a) be higher than that of P3HT:PTB7
and (b) should occur at even higher loadings of the B-component, i.e. beyond 90% TQ1.
Indeed, in Figure 3b we find that the Seebeck coefficient increases steeply up to ~2000 µV/K at 95% TQ1, which is both higher than P3HT:PTB7 and pure TQ1.
To highlight the fact that the peaked shape of the S vs. composition curves is not a straightforward blending effect, the dashed lines in Figure 3 show the interpolation between the binary extremes using an effective medium model. In that case, S of the blend would be reported for the P3HT:P3HTT system in the pioneering work by Sun et al. [13] , where S ~ 700 µV/K, σ ∼ 0.015 S/m and PF ∼ 7×10 -3 µW/K 2 •m were reported.
kinetic Monto Carlo simulations
To put a more formal basis to the findings above, and in particular to establish that indeed the mechanism of Figure 1 is the dominant factor determining the thermopower maxima found in Figure 3 , we performed numerical kinetic Monte Carlo simulations. The employed model has been described in detail before [19, 20, 22] and treats the charge and energy transport as nearest In the simulations, the Seebeck coefficient is calculated as
where the conductivity is related to the conductivity distribution function ( ) through =
. [23] Hence, defining an 'energy-transport energy' as
one recovers the expression = � − , �⁄ used in section 2 above. Although a full discussion of the relation between and , is beyond the scope of the present paper, we notice that using , as calculated from the analytical percolation model in Ref. [19] instead of , gives a relatively minor overestimation of S: for a single compound with material parameters as used in this work, the difference is a constant ∼100 µV/K over the full concentration range of 10 -5 -10 -1 over which S varies between ∼1100 -∼100 µV/K as shown in the Supporting Information. The offset reflects the fact that not all (energetically upward) hops are to the critical energy that determines the conductivity of the percolating network, i.e.
, lies below .
For both Figures 4a-c and 4d-f, we find that the simulated conductivity decreases with increasing B fraction, and that the trend is similar in both shape and span to what we found in our experimental results as shown in Figure 3 . The sudden drop in conductivity in going from pure P3HT to a 10% blend, c. f. Figure 3 , is however absent from the model. We speculate it is caused by a disruption of the crystalline morphology of P3HT upon mixing with another conjugated material. As in the simulations compounds A and B and their mixtures are assumed to have the same disorder, this corroborates that the main reason for the lower conductivity (and higher Seebeck coefficient) in pure PTB7 and TQ1, as compared to P3HT, is their unfavorable HOMO energy with respect to the LUMO of F4TCNQ that leads to a lower mobile charge concentration and a larger gap between and , . [20] Note that the magnitude of the simulated conductivity is less important here as it is (trivially) proportional to the largely unknown attempt frequency ν0. For the Seebeck coefficient such a scaling parameter does not exist and the calculated numbers truly reflect the energetics in the (idealized) numerical experiment. For all doping concentrations, a peak in S between 80% and 100% of part B is found in Figure 4 , which is good agreement with our experimental observations. Moreover, for given doping concentration, the peak is higher and sits further to the right for the largest HOMO level offset (panels d-f), again in agreement with experiment.
In line with previous analytical calculations, the Seebeck coefficient decreases with increasing doping concentration from 10 -3 to 10 -1 , reflecting the shift of EF towards the Etr, c.f. Figure 1 .
We also note that with the same doping concentration but different HOMO level offsets, the Seebeck coefficient is almost identical as long as the fraction B is under 60%, since both EF Another important feature in Figure 5a is the strong suppression of the peak S value with increasing HOMOA-LUMOdopant, i.e. when the dopant becomes an efficient dopant for material B too. This remarkable behavior can be understood from the resulting increase in free charge density when not only the minority component A but also the majority component B has a HOMO energy that is in the vicinity of, or even above the dopant LUMO. However, one must also account for the fact that the (increasing) ionization of the dopant leads to a modification of the DOS in the form of the formation of exponential tails that sit below the peaks of the original double Gaussian DOS as shown in the SI. [19] In the numerical model these Coulomb interactions are accounted for and give rise to a Fermi energy that shifts down towards the transport energy that slightly shifts up, explaining the dropping peak value of the Seebeck coefficient with dopant LUMO energy, as shown in Figure 5d .
Conclusions
We investigated the thermopower and the conductivity of P3HT blended with PTB7 and TQ1
covering the full range of 0 to 100%. These materials were chosen for their differences in 
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. The analytical model is described in Ref. [1] . The Seebeck coefficient is then approximated by = ( − )⁄ , with the transport energy defined as the final energy of the conduction-limiting hop from the Fermi energy . The transport energy is assumed to sit slightly below the maximum in the density of states (centered at zero energy) as = − with the width of the DOS. [2] According to Ref. [2] α = 0.491 for nearest neighbor hopping on a simple cubic lattice as used in the kinetic Monte Carlo model. We found that α = 1 best matches the two models when focusing solely on the Seebeck coefficient, corresponding to an offset in S of ∼100 µV/K as mentioned in the main text.
Blend of a conjugated and a non-conjugated polymer

Figure S2
Seebeck coefficient and conductivity of a doped blend of P3HT and polystyrene. The dashed lines show the interpolation between the binary extremes using an effective medium model.
The absence of any peaks in S and the good agreement with the effective medium fits in Figure S2 show that the peaks in S in the main text are not related to simple dilution effects as e.g. discussed in Ref. [3] . The steep drop beyond 80 wt% is attributed to percolation effects, in particular the formation of isolated P3HT clusters. 
